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Introduction
The El Niño-Southern Oscillation (ENSO) is the primary driver of interannual climate variability on a global basis (Cane, 2005; Vecchi and Wittenberg, 2010) . Instrumental records are essential for identifying the key features of modern ENSO and its climatic impacts, especially sea surface temperature (SST) and re- Fig. 1 . Global map of correlation coefficient between interannual (2-7 yr band) precipitation and Niño3.4 index during 1979 . Niño3.4 data (ERSST v4, Huang et al., 2015 Liu et al., 2015) are obtained from NOAA Climate Prediction Center website (http://www.cpc.ncep.noaa.gov/data/ indices/). 2.5 • × 2.5 • global monthly precipitation data (Adler et al., 2003) are obtained from NOAA Global Precipitation Climatology Project (GPCP) Version 2.2 combined precipitation dataset (http://www.esrl.noaa.gov/psd/). Colored areas have interannual precipitation significantly correlated with Niño3.4 index ( P < 0.05). White areas indicate non-significant ( P > 0.05) correlation. During El Niño events, the study site in Northern Borneo (star, 4 • N, 114 • E) is subject to rainfall deficits. Other data referred to in this study include coral δ 18 O time series (triangles) from Northern Line Islands (Cobb et al., 2003 McGregor et al., 2013) and Papua New Guinea (Tudhope et al., 2001; McGregor and Gagan, 2004) , foraminiferal δ 18 O (diamond) from core V21-30 in the eastern equatorial Pacific (Koutavas and Joanides, 2012) , mollusk shell δ 18 O (circles) from multiple locations on Peruvian coast (Carre et al., 2014) , as well as lake deposits (cross) from Lake Pallcacocha (Moy et al., 2002) and Lake El Junco (Conroy et al., 2008) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) complementary perspective to instrumental records and GCMs because they can be used to infer natural ENSO variability and its relation to known climate forcing in the recent geologic past.
A variety of paleoclimatic proxies have been used to reconstruct ENSO variability during the Holocene (0-10,000 yr BP), including corals (Tudhope et al., 2001; Cobb et al., 2003 Cobb et al., , 2013 McGregor and Gagan, 2004; McGregor et al., 2013) , deep-sea sediments (Koutavas and Joanides, 2012; Sadekov et al., 2013) , mollusc shells (Carre et al., 2014) and lacustrine deposits (Rodbell et al., 1999; Moy et al., 2002; Conroy et al., 2008) (Fig. 1) . Although there is general consensus among the proxies that ENSO was stronger in the late Holocene (0-4 kyr BP) than during the mid-Holocene (4-6 kyr BP), a number of uncertainties remain with respect to the full scope of Holocene ENSO evolution. These uncertainties include the variability of ENSO frequency and amplitude on centennial to millennial timescales, ENSO response to changes in the mean climate state and orbital forcing, and specifically, the strength of ENSO activity in the early Holocene (6-10 kyr BP).
ENSO reconstructions based on lake deposits in Ecuador and the Galapagos Islands suggest a general increase in ENSO frequency from the early to late Holocene, with millennial-scale oscillations between high and low ENSO activity (Rodbell et al., 1999; Moy et al., 2002; Conroy et al., 2008) . In contrast, results from the eastern equatorial Pacific (EEP) show a significant reduction in the variance of foraminiferal δ 18 O during the mid-Holocene, which is thought to be primarily driven by weakened ENSO variability (Koutavas and Joanides, 2012) . Most of these proxies, however, lack the resolution to distinguish interannual climate variability from seasonaland decadal-scale changes. For example, the annual cycle in SST and salinity is a major contributor to foraminiferal δ 18 O variance (Koutavas and Joanides, 2012) , which complicates the interpretation of this proxy as an ENSO indicator. Lake records, on the other hand, may only be sensitive to moderate-to-strong El Niño events, while under-sampling could bias estimates of ENSO variance and frequency, particularly in the early Holocene when sedimentation rates are low (Moy et al., 2002; Emile-Geay and Tingley, 2016) .
Corals are more direct recorders of ENSO variability because they provide decades-to centuries-long reconstructions of tropical marine climate at monthly to seasonal resolution (Tudhope et al., 2001; Cobb et al., 2003; McGregor et al., 2013) . A compilation of coral δ 18 O records from the western and central equatorial Pacific indicates a reduction in ENSO variance from 3 to 5.5 kyr BP McGregor et al., 2013) , similar to the foraminiferal δ 18 O record in the EEP (Koutavas and Joanides, 2012) , as well as an ENSO variance estimate from monthly-resolved δ 18 O of molluscs on the Peruvian coast (Carre et al., 2014) . During the early and late Holocene, Cobb et al. (2013) show that coral δ 18 O exhibits a wide range of interannual variance, suggesting that detection of any systematic trend in ENSO variability during the Holocene will require additional subannual-resolution data from multiple time slices across the last 10,000 years.
Here we assess Holocene ENSO variability using a speleothem record from the western equatorial Pacific. Stalagmite BA03 was obtained from Bukit Assam Cave in Gunung Buda National Park in Malaysian Borneo (4 • N, 114 • E). Interannual rainfall variability in this region is primarily driven by ENSO, with rainfall deficits occurring during El Niño years (Xie and Arkin, 1997; Adler et al., 2003; Cobb et al., 2007) (Fig. 1) . Modern observations at nearby Gunung Mulu National Park reveal a strong relationship between rainfall δ 18 O and local rainfall amount on monthly timescales (R = −0.56, p < 0.01), largely driven by intraseasonal Madden-Julian Oscillation and interannual ENSO variability (Moerman et al., 2013) .
The fact that Gunung Mulu rainfall δ 18 O is better correlated with regional rather than local precipitation time series reflects the temporally and spatially integrative nature of rainwater δ 18 O, and its sensitivity to large-scale hydrological variability (Moerman et al., 2013 Carolin et al., 2013 only existing ENSO reconstructions from the early Holocene. We then compare the interannual variance in the speleothem record to ENSO proxies from other locations in the equatorial Pacific, and discuss possible mechanisms driving Holocene ENSO evolution. Partin et al. (2007) , but similar to those in Carolin et al. (2013) . In samples with high 232 Th, this method tends to over-correct initial 230 Th and produces anomalously young ages. Samples with 232 Th higher than 10 pmol/g were therefore excluded from the age model to eliminate apparent age reversals. Altogether 36 U-Th dates were used to construct the age model and constrain the growth rates of BA03 over the last 13,000 yr (Table 1) . Because BA03 was associated with an active drip when it was collected, we assume an age of 0 yr at the top of the stalagmite. The U-series ages indicate that BA03 had two distinct growth rates during the Holocene: 54 μm/yr from 13 to 7 kyr BP and 145 μm/yr from 7 kyr BP to present (Fig. 2) . 
Methods

U-Th ages
δ
18 O time series δ 18 O time series were generated on both decadal and subannual timescales on BA03. The growth axis of BA03 was previously milled every 1.5 mm for decadal-scale stable isotope analyses (Fig. 3 ). The age model for the δ 18 O series was determined with the StalAge algorithm (Scholz and Hoffmann, 2011) to account for age uncertainties. To generate sub-annual resolution data, we milled the stalagmite surface parallel to individual growth bands using a computer-controlled Merchantek micromill system. Six sub-annually resolved time series were generated with this method; they are denoted as 2500, 3300, 5200, 5700, 6700 and 8200 yr BP windows in the following text based on the approximate center of their age range. The milling resolution varies from 30-60 μm in different time intervals, corresponding to temporal resolution of 0.2-0.4 yr per sample ( 
Time series analysis
The original δ 18 O time series were interpolated to 0.5-yr resolution and filtered with a 2-7 yr band wavelet filter 1 (Fig. 4) developed from Torrence and Compo (1998) . Band-pass filtered versions of the raw and interpolated data yield a similar pattern of relative ENSO-band variance in the six time windows. Multi-taper spectral analyses were performed for the six time series to compare spectral features in different time windows and to test the significance of interannual power in the data with respect to red noise (Fig. 5) . The red noise background for a given time series was estimated by 2-year band pass filtering the raw data to eliminate high frequencies and then fitting first-order auto-regressive [AR(1)] models to the data following Schneider and Neumaier (2001) . The slope and intercept of the fitted AR(1) models, along with their uncertainties, were used to generate 500 Monte Carlo AR(1) time series for each window to test the statistical significance of peaks in the spectra. with a karst response function (g(t) = τ −1 e −t/τ , with τ being water residence time in the cave) following Dee et al. (2015) .
Because τ is uncertain, we considered multiple plausible aquifer recharge times, ranging from 3 months to 2 yrs (Moerman et al., 2014) . The spectra of the convolved time series are plotted together with that of Niño3.4 in Fig. 6 . In addition, spectral analysis was performed on satellite-based local precipitation at the Borneo site (Adler et al., 2003) to compare with BA03 δ 18 O data (Fig. 6) .
To quantify changes in interannual variance between the different segments, we used a block-bootstrap approach (Kunsch, 1989) , with a block size of 2 years. The test statistic is the ratio of variances in the 2-7 yr band, and the sampling distributions are estimated from 5000 bootstrap replicates.
Results
The BA03 time series is similar to three other Borneo stalagmites over the Holocene (Fig. 3a) . shift during this brief interval may relate to the 8.2 kyr meltwater discharge event in the North Atlantic and will be discussed elsewhere.
The 2-7 yr bandpass filtered time series show an overall reduction in variance during the mid-Holocene compared to the early and late Holocene (Fig. 4) . Variations of 0.1h magnitude occurred regularly in the early (6700 and 8200 windows) and late (2500 window) Holocene, whereas interannual δ 18 O variations in the mid-Holocene (3300, 5200 and 5700 window) were mostly less than 0.1h. The multi-taper spectra of the high-resolution time series show at least one interannual peak above the 95% quantile of AR(1) processes for each of the time windows (Fig. 5) . Although the interannual power in the BA03 δ 18 O spectra is weak (<25% total variance) compared to the Niño3.4 index (Fig. 6) , the peaks are statistically significant features of the data relative to the AR(1) backgrounds.
Results of the block-bootstrap test of equal variance are listed in lower than all other windows. We are unable to reject the null hypothesis ( P > 0.1) that the interannual variance in the 3300, 5700 and 8200 yr windows are the same. The interpolated time series show a slightly different pattern of test results from the ungridded raw data. The interannual variance is increased in the 6700 yr window with the interpolation and the three mid-Holocene windows (3300, 5200 and 5700 yr) are indistinguishable from each other after the interpolation. Note that the comparison of overall interannual variance is strongly influenced by decadal modulations of high and low interannual variance in each window. For example, the 3300 and 5700 yr windows show low overall interannual variance despite some relatively large (>0.1h) δ
18 O shifts, while the overall variance of of the multi-taper spectra of the 500 Monte-Carlo generated AR(1) series, and the red dashed line marks 95% quantile. The orange boxes mark the 2-7 yr period range. Each window has at least one interannual peak above 95% red noise. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ERSSTv4, 1950 ERSSTv4, -2014 plotted with fitted AR(1) background. The blue and red dashed lines are 50% and 95% quantiles of 500 Monte-Carlo AR(1) spectra. The orange box marks the 2-7 yr period range. The purple dotted line is a spectrum of 36-yr local precipitation at the Borneo site with data from the corresponding grid in Fig. 1 . (b) Multi-taper spectra of Niño3.4 time series convolved with karst smoothing of different water residence times in the caves following Dee et al. (2015) . Smoothing of the ENSO signal in the cave system shifts the interannual and higher frequency power into lower frequencies and make the spectra "redder" and more similar to the BA03 spectra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the 8200 yr BP window is largely diminished by the minimum interannual variance associated with an apparent 8.2 kyr event in BA03. Exclusion of the 8.2 kyr event makes interannual δ 18 O variance of the 8200 yr window slightly higher than (but indistinguishable from) the 6700 yr window before and after interpolation.
Discussion
Spectral features of BA03 δ
O
Our goal is to quantify the time evolution of ENSO variance over the Holocene. Our sub-annual sample resolution allows for comparisons of the 2-7 yr variance (above the Nyquist frequency), Partin et al., 2013) , which would tend to reduce interannual variability in the speleothems (Moerman et al., 2014) . This process would help explain the weaker interannual features we observe in our high-resolution δ 18 O time series from BA03 as compared to the Niño3.4 index. In our spectral analyses, a convolution of the Niño3.4 time series with a karst response function reduces the interannual power by shifting some of it to lower frequencies, especially for longer residence times (Fig. 6) . Instead of direct recorders of ENSO activity, Moerman et al. (2014) suggested that the speleothems are better suited to reconstruct relative changes in ENSO variability, which is the approach we take here. In doing so, we assume a roughly constant water residence time at the drip site of BA03, based on the modern observation of no significant change in water residence time at a single drip over a 5-year period (Moerman et al., 2014) . We are aware of the caveat that changes in residence time may happen on longer timescales. A bootstrap test of changes in ENSO variance of the karst-filtered Niño3.4 index suggests no significant reduction (p < 0.05) in the interannual band variance unless the residence time is increased to 18 months, which requires large changes in the hydrogeology of the cave system. A change in residence time from 3 to 10 months, as observed in the modern cave system, does not cause significant changes in interannual variance.
In the different BA03 time windows, we see an overall increase in total variance in the interannual band when ENSO activity is high (Fig. 4) , rather than discrete, broad spectral peaks in the 2-7 yr interval (Fig. 5) . It should also be noted that the maximum power in the δ 18 O spectra does not lie in the interannual band, as is the case with Niño3.4 index. The interannual power accounts for a maximum of 22% of total power in the six time windows (Table 2 ), compared to 60% for the Niño3.4 index. The strong power at decadal and longer periods in the δ 18 O spectra suggests that the stalagmite δ 18 O proxy is 'red shifted' like most paleoclimate records. The longer and more variable time series (2500 and 8200 yr windows) are influenced more by these low-frequency variations compared to shorter and less variable windows (5200 and 5700 yr), which accounts for the changes in the fraction of interannual variance. The BA03 spectra are more similar to the spectra of Niño3.4 convolved with a long-residence-time karst filter at interannual and lower frequencies (Fig. 6) . We also note that the spectra of BA03 at frequencies higher than the interannual band are "white" rather than "red" and more closely resemble local precipitation instead of karst-filtered Niño3.4. At these frequencies, dripwater δ 18 O in the caves more closely track local rainfall, an atmospheric process that is insensitive to regional SST variability.
Despite the complex natural processes driving δ 18 O variability in BA03, the relatively robust interannual features in the δ 18 O spectra suggest that the interannual trends in the spectra during the Holocene reflect changes in ENSO variability. (Fig. 7 ). An ENSO variance minimum at 4.6 kyr BP was also found in molluscs from the Peruvian coast (Carre et al., 2014) . In addition, core V21-30 in the EEP records an interval of reduced foraminiferal δ 18 O variance from approximately 4 to 6 kyr BP (Koutavas and Joanides, 2012) . Foraminiferal δ 18 O variance is calculated using the δ 18 O of single tests in each 1-cm stratum representing a deposition interval of approximately 80 yr, with an age model based on linear regression of radiocarbon dates during the Holocene (Fig. 7 , Koutavas and Joanides, 2012) . Given the several-hundred-year age uncertainty for the V21-30 age model, the four independent proxies all appear to show a reduction in interannual δ 18 O variance during the mid-Holocene (Fig. 7) . The overall agreement between different records that span the equatorial Pacific implies that ENSO is the primary driver of their common variability.
Pattern of Holocene ENSO evolution
In addition to the mid-Holocene ENSO minimum, our data have extended previous ENSO records from the WPWP (Tudhope et al., 2001; McGregor and Gagan, 2004) , particularly during the early Holocene (6-10 kyr BP). Our results show a moderate level of variance in the early Holocene, consistent with the coral, foraminiferal and mollusc records. Substantial ENSO variance in the early Holocene is in marked contrast to the EEP lacustrine McGregor et al., 2013) . Also plotted is ENSO-driven seasonal SST range variance on Peruvian coast calculated from monthly molluscan shell δ 18 O measurements (pink, Carre et al., 2014) . Variance is plotted as percent difference from modern (0-60 yr BP). The vertical bars mark 1σ uncertainty of the estimates, and the horizontal bars mark the time range of shells for the variance estimate. (c) Lake records from Lake Pallcacocha in Ecuador (blue, Moy et al., 2002) and El Junco in the Galapagas Islands (red, Conroy et al., 2008) . Lake Pallcacocha record is based on reflective intensity of red light of the lake deposits. The variance of red intensity within overlapping 30-yr windows (5-yr step) is shown. Lake El Junco record is based on percentage of sand in the sediment grains. The low ENSO activity in early Holocene (6-10 kyr BP) in the lake records is distinct from the interannual records in the (a) and (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
records that show little or no ENSO activity (Moy et al., 2002; Conroy et al., 2008) . Given the complexities of ascribing flood deposits to El Niño events and the sensitivity of the lake records to event magnitude, such discrepancies are not surprising. The lake records also lack sufficient temporal resolution in the early Holocene to capture ENSO variability with low sedimentation rates. In a reanalysis of the Lake Pallcacocha data (Moy et al., 2002) , Emile-Geay and Tingley (2016) showed that non-linear response of alpine runoff to ENSO activity in the eastern Pacific could significantly bias ENSO variance estimates. Indeed, the alpine lake clastic flows have been reinterpreted as records of glaciation and soil erosion in a follow-up study (Rodbell et al., 2008) . In sum, our results together with published records imply that ENSO was quite active in the early Holocene compared to midHolocene. Simulating the reconstructed pattern of moderate variance in the early Holocene, low variance in the mid-Holocene, and high variance in the late Holocene will be an important first-order test for modeling studies evaluating long-term ENSO variability.
Potential driving mechanisms
As indicated by low-resolution Borneo speleothem records (Fig. 3a) , 3.5-5.5 kyr BP is an interval of anomalously high convective activity in the WPWP relative to the rest of the Holocene . This convective maximum in Borneo corresponds to a maximum in boreal fall (September-OctoberNovember, SON) insolation on the equator (Fig. 3a) . There is also a strong correspondence between speleothem δ 18 O in Borneo and equatorial fall insolation over the last 150,000 years (Carolin et al., 2013; Moerman et al., 2013) . Results from an isotope modeling study suggest that the mid-Holocene minimum in Borneo δ 18 O is best described by changes in SON rather than annual average rainfall (Tierney et al., 2012) . The δ 18 O signal may therefore reflect a precession-driven maximum in SON insolation that promoted convective activity in Borneo, consistent with the interpretation from longer records Carolin et al., 2013) .
ENSO-band variability in the Borneo δ
18 O record suggests influences from both internal climate variability and external forcing, depending on the timescale in question. On decadal and centennial timescales, we observe a wide-range of ENSO-band variance in BA03 (Fig. 4) , consistent with the decadal-scale pattern in coral records and both forced (Liu et al., 2014) and unforced (Wittenberg, 2009 ) ENSO simulations. The lack of clear signal suggests that ENSO is governed by processes internal to the climate system on these timescales . However, ENSO-band variance shows a clear pattern on millennial and longer timescales when comparing different ENSO proxies (Fig. 7) . In particular, the mid-Holocene minimum in interannual variance coincides with the overall maximum in Borneo convective activity, suggesting that the two are linked. We propose that persistent convective activity in the WPWP was part of a basin-scale shift, with enhanced Walker circulation, easterly winds, and upwelling in the eastern equatorial Pacific. Such a shift would suppress the development of El Niño events and would account for reduced variance in ENSO proxies from the eastern, central, and western tropical Pacific. It therefore appears that the mean state of the WPWP, at least on millennial timescales, is closely linked to ENSO behavior during the Holocene.
Several modeling and observational studies suggest that ENSO may be paced by precession-driven changes in the seasonal distribution of insolation in the tropics. Early modeling work (Clement et al., 1996 (Clement et al., , 1999 invoked an ocean thermostat mechanism in which uniform warming in the equatorial Pacific strengthens the zonal SST gradient and the atmospheric Walker Circulation during boreal fall. As a consequence, upwelling in the EEP increases, further intensifying the zonal SST contrast and thereby creating a positive feedback that suppresses El Niño development. Because boreal fall (SON) is the primary growth phase of El Niño events, the mid-Holocene insolation maximum during SON could trigger the thermostat response and therefore modulate El Niño events. SST reconstructions across the equatorial Pacific have revealed a maximum zonal SST gradient during the mid-Holocene (Koutavas and Joanides, 2012) , suggesting that ENSO variability is closely linked to tropical Pacific mean state, which is in turn paced by precessional forcing. A monthly-resolved coral δ 18 O time series from the central Pacific has also identified damping of El Niño events during their growth phase in SON around 4.3 kyr BP (McGregor et al., 2013) , in agreement with the prediction of the thermostat mechanism.
Other work suggests that additional factors may govern longterm ENSO behavior. Timmermann et al. (2007) argue that the position of the ITCZ and its associated band of highly reflective clouds plays an important role in the cross-equatorial distribution of insolation and the resulting wind and SST response in the EEP. Their model results, however, do not produce a mid-Holocene ENSO minimum as inferred from the proxy data, but millennialscale variability in ENSO that is sensitive to boreal summer precessional insolation. It has also been suggested that reduced ENSO variance was related to an intensified Asian summer monsoon (Liu et al., 2000) , but the Borneo stalagmites demonstrate that coupled dynamics in the tropical Pacific are paced by boreal fall insolation and out of phase with Asian summer monsoon variability (Fig. 3) , similar to the pattern in longer Borneo records (Carolin et al., 2013; Carolin et al., submitted for publication) . In addition, the SST annual cycle in the equatorial Pacific may modulate ENSO variability through frequency entrainment (Chang et al., 1994; Timmermann et al., 2007) . Climate models involving the frequency entrainment mechanism predict a negative correlation between the strength of the annual cycle and ENSO variability, in contrast to paleoclimate proxy observations that show weak positive correlation . The difference between proxy and models requires further modeling investigation to develop climate models that can accurately simulate forced changes in seasonality in the tropics to reveal its role in ENSO variability .
Results from the Paleoclimate Modeling Intercomparison Project (PMIP) also display a wide range of ENSO responses to midHolocene (6 kyr) insolation forcing. An ensemble of models simulates mid-Holocene ENSO amplitudes of −35% to +20% relative to pre-industrial conditions (Masson-Delmotte et al., 2013) . The median of the multi-model ensemble represents a 15% reduction in ENSO amplitude, in agreement with a transient coupled simulation (Liu et al., 2014) . In PMIP-2 model runs, the standard deviation of several ENSO indices decreased in the mid-Holocene (6 kyr) simulations (Zheng et al., 2008; An and Choi, 2013) . The largest response was in Niño3.4 which displayed an 18% reduction. By comparison, the PMIP-3 runs showed only a 5% reduction in the same index (An and Choi, 2013) . Virtually all of the ENSO indices show a much weaker response in the PMIP3 than the PMIP2 experiments (An and Choi, 2013) and the magnitude of mid-Holocene ENSO reduction is not as large as inferred from paleoclimate proxies. With the range of related climatic factors and feedbacks, it is unlikely that any one process will provide a complete explanation of the Holocene ENSO pattern. Nevertheless, the correlation between reduced ENSO variance and a precession-driven maximum in SON insolation suggests the two phenomena are coupled. The emerging picture of anomalously low ENSO variance from 3.5 to 5.5 kyr BP, as opposed to progressively increasing ENSO variability during the Holocene suggested by earlier work, sets a key goal for future modeling studies.
Conclusions
Our subannual-resolution stalagmite δ 18 O records show reduced ENSO variance during the mid-Holocene, high ENSO variability in the late Holocene, and moderate but active ENSO in the early Holocene. Our record from the western equatorial Pacific is consistent with coral, foraminiferal and mollusc records from the central and eastern Pacific, suggesting that ENSO was the common driver. Reduced interannual climate variability during the mid-Holocene in the equatorial Pacific coincides with an interval of anomalously high convective activity in the WPWP. The paleoclimate data therefore suggest that the mean state of the WPWP is a key factor governing ENSO behavior on millennial and longer timescales. The mean state is likely paced by equatorial fall insolation and appears to be decoupled from Northern Hemisphere summer insolation. The emerging pattern of Holocene ENSO variability will serve as an important validation test for future models of ENSO dynamics. Ideally, future data-model intercomparison studies will refine our understanding of the key ocean-atmosphere feedbacks that drive long-term ENSO evolution, leading to improved predictions of ENSO in a warming climate.
